ABSTRACT
INTRODUCTION
Retinopathy of prematurity (ROP) is a leading cause of blindness in premature infants, especially affecting the smallest and most premature ones. As technology gets more advanced and the level of care improves across neonatal units globally, more very preterm infants will survive, which in turn may lead to increased cases of ROP. Although ROP affects infants who are most premature and of the lowest birth weights, only a fraction of these very preterm infants develop ROP (36.9% of infants in the Early Treatment for Retinopathy of Prematurity
[ETROP] study (1) and 27 .1% of infants in the Cryotherapy for Retinopathy of Prematurity
[CRYO-ROP] study (2) develop severe ROP (sROP), as defined in the Methods section of this paper).
ROP develops when there is early hyperoxic damage to the retina and subsequent uncontrolled neovascularisation of the immature retinal vasculature. (3, 4) It is often found in infants with low birth weight, small gestational age (GA) and prolonged exposure to supplementary oxygen. (5) While hyperoxygenation is a known risk factor, safe limits of oxygenation have not been clearly defined (6) and remain controversial. (7, 8) Aside from the degree of prematurity and oxygen saturations, centres around the world have found various risk factors contributing to the development of ROP, including sepsis, invasive ventilation, presence of respiratory distress syndrome, patent ductus arteriosus, poor postnatal weight gain and the number of blood transfusions. However, the findings remain inconsistent across various studies. (9) (10) (11) (12) Our study thus sought to elucidate the risk factors that are most important in the development of ROP in very low birth weight (VLBW) infants in our multicultural population so that these can be mitigated to reduce the rates of ROP in our population. Additionally, as all infants in our study with Type 1 ROP were treated with laser therapy, we aimed to determine ophthalmologic outcomes in early childhood for treated ROP in our population to assist in prognostication and comparison of ophthalmologic outcomes between infants with and without treated ROP.
METHODS
This was a retrospective, matched case-control study that aimed to investigate sROP in VLBW infants. Inclusion criteria for both cases and controls were VLBW (i.e. ≤ 1,500 g) infants with 2014/00372). All of these infants in our centre received routine screening for ROP via indirect binocular ophthalmoscopy by trained paediatric ophthalmologists, as per RCO guidelines. (10) Details of the screening schedule are shown in Box 1. (13) Retinopathy was graded according to the International Classification of ROP (11) (Box 2 (14) ). The risk factors were studied retrospectively. Box 1. Screening schedule for retinopathy of prematurity (ROP) for all infants ≤ 1,500 g with a gestational age of < 32 weeks, according to the guidelines of the Royal College of Ophthalmologists (13) :
 All neonates < 32 weeks gestational age (up to 31 weeks and 6 days) or less than 1,501 g birth weight were screened for ROP  Neonates born before 27 weeks gestational age -the first ROP screening examination is done at 30-31 weeks postmenstrual age  Neonates born between 27 and 32 weeks gestational age -the first ROP screening examination is done at 4-5 weeks postnatal age  Weekly screenings when:
 the vessels end in zone I or posterior zone II;  there is any plus or pre-plus disease;  there is any stage 3 disease in any zone  Two-weekly screenings for all other circumstances, until the criteria for termination below is reached and the infant is no longer at risk for sight-threatening ROP: while the other 13 received therapy to both eyes.
As extreme early GA and extremely low birth weight are two of the major factors that are associated with sROP, we adopted a GA-matched case-control design to determine which other perinatal factors besides these two influenced the development of sROP. The cases were each matched to two controls of similar GA, giving a total of 34 controls. Controls were infants who met the inclusion criteria stated above but did not have sROP, i.e. they had no or mild ROP that did not require treatment. Cases were matched to controls that were born within two years of each other to minimise differences in management. When controls of the exact GA could not be found, infants younger or older by one week of the GA were chosen.
For the first part of the study, data on antenatal, perinatal and postnatal factors were collected by reviewing their case records and charts. Vital parameters such as pulse oximetry reading (SpO2) were collated from nursing charts, which included hourly point-of-care vital recordings. Fraction of inspired oxygen (FiO2) and ventilation data were further subcategorised into different time periods (weeks 1-2, weeks 3-6, weeks 7-10 and beyond week 10 of life), as development of ROP is closely linked to hypoxia and hyperoxia at different phases of life. For the second part, we aimed to study ophthalmologic outcomes. All surviving VLBW infants were given follow-up appointments with a paediatrician and an ophthalmologist. We reviewed the clinical records of their follow-up visits to the attending ophthalmologist and collected data on their ophthalmologic outcomes (Box 3).
Box 3. Ophthalmological outcomes (from 1-4 years of age):
 Blindness -worse than 6/60 vision, as per legal definitions  Structural outcomes -any retinal detachment or other abnormalities  Ocular alignment -any manifest strabismus, i.e. tropias as defined by constant or intermittent heterotropia of any magnitude at any distance; tested by using the unilateral cover (cover-uncover) test, alternate cover and prism tests  Refractive errors as determined by cycloplegic refraction using definitions in the Strabismus, Amblyopia and Refractive Error in Young Singaporean Children study (14)   Anisometropia (SE difference between each eye ≥ 2.00 D) were calculated
As Southeast Asian children tend to have higher rates of myopia compared to their
Western counterparts, we chose to use the definitions of refractive error from a local study, the Strabismus, Amblyopia, and Refractive Error in Young Singaporean Children (STARS) study, (14) a large-scale study involving 3,009 Singaporean children aged 6-72 months who were examined from 2006 to 2008. Data on the above parameters was retrospectively extracted from the records of clinic follow-up visits done at 12-18 months chronological age and at approximately two years, three years and four years of age.
Four of the cases received laser treatment to one eye, while the rest of the cases received laser treatment to both eyes. Regardless of the number of eyes treated, the outcome of the 'worst eye' of each case was analysed (e.g. the eye with the higher refractive error or structural outcome) and compared against the 'worst eye' of the controls. Two-tailed Fisher's exact test and odds ratio calculations were used to determine if infants with sROP, albeit treated, showed any differences in short-term ophthalmologic outcomes as compared to their peers without sROP. Cases that received laser treatment to one eye were also separately analysed to determine if there were any differences in refractive errors between the eyes or in the development of strabismus or amblyopia.
RESULTS
Our unit is a 20-bedded neonatal intensive care unit with type C intensive care. A total of 597 VLBW infants were admitted from 2001 to 2013, with an average survival rate of 92% and a yearly sROP incidence of 5.1%-8.3%. Among these VLBW infants, the mean gestation period was 28.8 ± 2.0 weeks and the mean birth weight was 1,106.08 g ± 236.11 g. About 35% of these were extremely low birth weight (< 1,000 g) infants.
The mean GA of the 17 cases and 34 controls was 25.7 ± 1.5 weeks and 26.0 ± 1.2 weeks, respectively, indicating no significant differences between them (p = 0.36). Mean birth weights between the cases and controls were also comparable (812 g ± 167 g vs. 865 g ± 167 g; p = 0.27). Thus, both groups were appropriately matched for GA and birth weight. Our subjects were predominantly Asian with the following race profiles: cases -64.7% Chinese, 17.6% Malay, 5.9% Indian and 5.9% Bangladeshi; controls: 52.9% Chinese, 17.6% Malay, 23.5% Indian, 2.9% Korean and 2.9% Caucasian. Table I shows the antenatal, perinatal and postnatal risk factors in our study population. (Table II) . Furthermore, cases with sROP had a higher median number of red blood cell transfusions than the controls, at 4 vs. 2, and this was statistically significant (p < 0.001).
Among the respiratory factors studied, early ventilation and oxygenation settings showed no significant differences between the two groups. However, cases with sROP had more prolonged days of invasive ventilation and higher fractional oxygenation requirements in the later phases. Cases were intubated for significantly longer periods of time (median 20 days for cases vs. 5 days for controls, p = 0.002) and on oxygen therapy for significantly longer periods (median 35.5 days for cases vs. 6 days for controls, p = 0.006; Table I ). Medians were used for these variables instead of means, as there were outliers to the data, with two cases being intubated for more than three months (whereas most of the other cases were only intubated for a few weeks) and one case on oxygen therapy for more than a year. effects on the severity of ROP. None of the neurological or cardiac risk factors studied showed significant differences between the cases and controls in our population.
We further analysed the growth of the cases and controls on discharge and found that cases were discharged after longer hospital stays, at an average PMA of 43.9 weeks vs 38.4
weeks for the controls (p < 0.001), with a corresponding average chronological age of 128.2 days vs. 92.6 days (p < 0.001). Our analysis of postnatal weight gain found that although the mean weight gain per kg of birth weight per day did not differ significantly between the cases and controls (17.2 ± 3.5 g/kg/day for cases vs. 17.8 ± 4.4 g/kg/day for controls, p = 0.61), standardised weight z-scores upon discharge differed significantly (−3.75 ± 1.82 for cases vs.
−2.27 ± 0.95 for controls, p < 0.001). As both groups had weight z-scores that were not significantly different at birth (0.15 ± 0.87 for cases vs. 0.24 ± 0.70 for controls, p = 0.71), the change in weight z-scores upon discharge showed a clinically significant postnatal growth failure prior to discharge.
Logistic regression was performed with multivariate analysis using associated factors:
culture-proven sepsis; Stage IIB or worse necrotising enterocolitis; gastrointestinal perforation; number of red cell transfusions; weight z-score upon discharge; chronic lung disease at 36
weeks; presence of apnoea and bradycardia at PMA of 36 weeks and beyond; total number of days on oxygen therapy; total number of days intubated; and highest FiO2 given at weeks 3-6, weeks 7-10 and beyond 10 weeks. APGAR score at 5 minutes, while statistically significant, was not included in the multivariate analysis, as the clinical difference was not clinically relevant. Age and absolute weight upon discharge were also not included in the multivariate analysis, as they were likely a reflection of the subjects' severity of illness, hence requiring longer hospital stays rather than a factor in the development of sROP. Of these factors, number of red cell transfusions and highest FiO2 given at weeks 7-10 of life were found to be statistically significant on multivariate analysis (p = 0.049 and p = 0.045, respectively). FiO2
given at other weeks of life was not found to be significant on multivariate analysis.
The short-term ophthalmological outcomes up to four years are shown in Table II controls at 48 ± 3 months. Significant loss-to-follow-up rates were observed in both group:
11% of cases and 35% of controls at 12-18 months; 29% of cases and 32% of controls at 2 years; 29% of cases and 43% of controls at 3 years; and 53% of cases and 50% of controls at 4 years. Of the subjects who were lost to follow up, one control had returned to her home country, while the rest had defaulted the given follow-up appointments.
All of the cases were treated for sROP with only laser therapy without cryotherapy or intravitreal anti-vascular endothelial growth factor (VEGF) injection. Structural and functional outcomes were generally good, both for cases who had ROP and subsequently underwent treatment, as well as for controls who had mild or no ROP without any treatment. None of the subjects were legally blind. Structural outcomes were also good for both groups, with no subjects having retinal detachment.
There were no significant differences in refractive errors between the groups (myopia, hyperopia, astigmatism or anisometropia). None of the subjects had high myopia. There was a Table II .
Of the four cases who received only laser therapy to one eye instead of both eyes, one case was completely lost to follow up, and his ophthalmological outcomes are hence unknown.
The other three cases all had similar visual outcomes in both eyes despite only one side having received laser treatment. There was no anisometropia, strabismus or gaze preference.
Refractive errors were within 0.50D difference between both eyes throughout all four years of follow-up. Visual acuities in both eyes were similar. 
DISCUSSION
The present study found a number of potential risk factors in preterm extremely low birth weight infants that are consistent with those of studies conducted in other centres. However, interestingly, our data also suggested that weeks 7-10 of life is a crucial phase in the pathophysiologic development of sROP and that FiO2 given to neonates during this period can affect the development of ROP, with higher FiO2 during this period being significantly associated with sROP.
In our population, late-onset bacterial infections and necrotising enterocolitis showed a strong positive association with development of ROP. This is consistent with findings from various countries such as Hong Kong, (15) Korea (8) and Canada. (9) This may be due to the production of inflammatory cytokines during infections, causing increased oxidative damage on the immature retina. (16) Onset of sepsis was late (more than three days) for all affected infants (6/17 cases and 3/34 controls), except for one of the cases. This is consistent with a previous study, (17) which showed that late, but not early, neonatal bacteraemia was associated with sROP in extremely low-GA neonates. While a series of studies done in the United States reported that candida infections have a positive association with ROP, (18, 19) this was not demonstrated in our study. Organisms isolated included Enterobacter, coagulase-negative staphylococci and Candida, with no organism showing a particular predominance in this study.
Similar to our findings, studies done in other centres (20, 21) have shown an increased number and volume of blood transfusions being significantly associated with the development of ROP. The mechanism of this is controversial. James et al suggested that an increased number of transfusions increases oxygen delivery to the retina due to a lower oxygen affinity of adult haemoglobin in pack cell transfusions, causing more oxidative damage in the immature retina. (22) Cooke et al proposed that transfusions cause secondary iron overload, leading to the increased development of ROP; as transfused cells have a shorter half-life, the iron they store is released as free iron, resulting in the production of more free radicals, which damage the retina. (23) In our study, the prolonged invasive ventilation and oxygenation supplementation that the cases had received as compared to their control counterparts was more likely to be a reflection of the severity of illness than a direct contributor to the development of ROP. This is because many of the cases had chronic lung disease and continued to have prolonged respiratory instability with episodes of apnoea or bradycardia even after reaching the GA of 36
weeks.
An interesting finding of the multivariate analysis was that the highest FiO2 given at weeks 7-10 of life was significantly different between infants who subsequently had sROP and those who did not, whereas FiO2 given at other periods were not significantly different. As the mean GA of our population (both cases and controls) was 26 weeks, at weeks 7-10 of life, the mean PMA of our subjects was 33-36 weeks. This is the period when subjects are nearing maturity and when one would expect retinal vascularisation to be nearing completion (as the VEGF that causes proliferative disease, our study found that supplementing our subjects with higher oxygen concentrations to aim for higher oxygen saturations above 90% during this period of life may instead be detrimental.
After the tenth week of life, although the majority of cases still needed oxygen supplementation, as compared with the controls who did not, this was not significantly associated with sROP in the multivariate analysis, unlike during weeks 7-10 of life. This may suggest that weeks 7-10 of life or PMA 33-36 weeks is possibly a unique period in the development of ROP, and this should be further studied to re-examine what the ideal oxygen saturation target is during this period.
As this is a retrospective study, it is difficult to determine if the increased number of transfusions and the more aggressive ventilation and oxygenation directly contributed to the development of sROP, or if this was because the infants who subsequently developed sROP tended to be sicker and hence needed these interventions.
There is a recent controversy regarding whether targeting a lower oxygen concentration (as advocated to reduce rates of ROP development and other hyperoxic damages) would lead to an overall difference in mortality or morbidity. The 2018 meta-analysis conducted by the Neonatal Oxygenation Prospective Meta-analysis (NeOProM) Collaboration, (26) which analysed five large-scale international randomised double-blind multicentre trials (including a total of 4,965 infants with median GA of 26 weeks and mean birth weight of 832 g), concluded
that there was no significant difference between targeting lower (85%-98%) vs. higher (91%-95%) SpO2 range on the composite primary outcome of death or major disability at a corrected age of 18-24 months. The lower SpO2 target range was associated with a lower risk of sROP requiring treatment but was associated with higher risks of necrotising enterocolitis and death. (26) In light of this controversy, our finding that a PMA of 33-36 weeks would result in less sROP when supplemental oxygen was not given may have implications on target oxygen saturations at different postnatal periods for premature infants.
In addition, our finding of significant postnatal growth failure is in agreement with some recent studies that have also found postnatal weight gain to be an important predictive factor in the development of ROP. Recent studies such as the WINROP, (27) CHOP ROP (28) and ROPScore (29) have come up with algorithms to predict the development of ROP based on postnatal weight gain. The correlation between postnatal weight gain and the development of ROP is believed to be due to postnatal weight gain being a surrogate measure of levels of insulin-like growth factor 1 (IGF-1), with the lack of IGF-1 (and hence low postnatal weight gain) having a positive association with the development of ROP. (30) One group of risk factors that we did not study is genetic risk factors. Holmström et al, in a 2007 meta-analysis of clinical and experimental animal studies, (31) suggested that factors such as sex, presence of genetic polymorphisms that affect aberrant angiogenesis, expression of genes for VEGF and IGF-1 have an impact on the risk of ROP. In our study, more male infants had sROP than female infants (58.8% vs. 41.2%), which is consistent with the findings of Holmström et al (31) and Darlow et al, (32) but this was not statistically significant in our study (p = 0.372). As we did not have genetic data of the subjects, we were unable to retrospectively study this aspect.
Analysis of ophthalmological outcomes was challenging due to the high loss-to-followup rates. Many subjects in both groups had defaulted their ophthalmological appointments, with up to 40% defaulting by three years of age. The reduced sample size for the data at three and four years of age is one of the limitations of this study. Nonetheless, analysis of our data showed that ophthalmological outcomes were similar to that demonstrated in international studies, (33, 34) in that structural outcomes following laser treatment for ROP were good. These studies, (35, 36) as well as a previous local study, (37) also consistently showed that children with sROP have a high incidence of myopia. While our study demonstrated that the group with sROP had higher percentages of myopia at 1-2 years of age as compared to premature controls, this was not statistically significant. These studies also showed that children with sROP are at increased risk of strabismus, and this was similarly demonstrated in our study, where 50% of the cases had strabismus (tropias) at four years of age.
Comparing the refractive errors in our population with that in the general population of Singaporean children in the STARS study, (14) our cases with sROP had almost double the prevalence of myopia compared to the general population, with 28.6%-41.7% of our cases having myopia at 12-27 months (2 years and 3 months). In the STARS population, myopia was present in 15.8% (6-11 months), 14.9% (12-23 months) and 20.2% (24-35 months), but the prevalence of myopia dropped considerably at age 36 months and above (8.6% for 36-47 months and 7.6% for 48-59 months). It has been argued that refractive error in children below 24 months is both difficult to measure and often overestimated, in part due to incomplete cycloplegia. This drop in myopia prevalence, however, was not seen in our population, as 25% of the cases were still myopic at three and four years old. The prevalence of myopia in preterm controls was also increased at age 3-4 years (20%-21.4%), suggesting that the incidence of myopia in premature infants was higher than in full-term children, with or without sROP.
In addition, the prevalence rates of astigmatism, anisometropia and strabismus were higher in our study population as compared to the STARS study. (14) The prevalence of astigmatism in our population was significant with 25%-40% of cases (excluding the first 12-18 months) and 9.5%-40% of controls, as compared to 8.6% in the STARS study. The prevalence of anisometropia was very low in the STARS study, at only 0.6%, whereas in our population, the prevalence in cases was 7.1%-16.7% (except for four years old) and 7.1% in the preterm controls at four years old. This suggests that ex-VLBW infants, especially those with laser treatment for ROP, tend to have higher myopia, astigmatism and anisometropia which may progress to amblyopia. This is consistent with the results of the existing literature, which found that incidence of ocular morbidity is higher in ex-premature infants than in fullterm infants and is even higher if there is treated ROP. (38) The present study has its limitations. As mentioned, this is a retrospective study and, hence, causal relation is difficult to determine. The higher oxygen requirements and number of blood transfusions may only be a reflection of the other comorbidities such as sepsis or chronic lung disease. Furthermore, this is a small-scale study given the relatively small number of neonates admitted to our hospital, and the lack of data due to subjects defaulting follow-up appointments further limited the study. More research and possible collaboration with other local or Southeast Asian centres to conduct multicentre studies would be helpful to confirm or disprove the findings from this study.
In summary, our study found that an increased number of blood transfusions and higher FiO2 at weeks 7-10 of life (PMA of 33-36 weeks) are significantly associated with sROP in VLBW infants. Therefore, infants who have these risk factors should be vigilantly monitored during the neonatal period to detect any development of retinopathy and given early treatment.
The use of oxygen, blood testing and transfusion for premature infants should also be judicious, even up to the tenth week of life. We also found good ophthalmological outcomes, in terms of structure, blindness and refractive errors, for treated ROP. This would help clinicians in reassuring parents of infants during counselling and when explaining outcomes of laser treatment for sROP. However, the importance of follow-up should be emphasised, as children with treated ROP are still at increased theoretical risks of high refractive errors, strabismus and amblyopia. Regular refractive screening after laser treatment is recommended, (39) as such ophthalmological conditions can be treated successfully if detected early.
